ALL LIVING SYSTEMS POSSESS mechanisms for maintaining their function in varied internal and external environments. One mechanism that generates this adaptability is degeneracy, the ability of structurally distinct elements to perform the same function or yield the same output under specific conditions (Tononi et al. 1999) . Degeneracy is a ubiquitous property of biological systems at all levels of organization (Edelman and Gally 2001) and supports robustness and adaptability by providing the capability to produce a variety of actions, both overlapping and unique, depending on context (Tononi et al. 1999) . The degeneracy of a system has been proposed to correlate with its complexity (Edelman and Gally 2001; Tononi et al. 1999) . Studies in the crustacean stomatogastric ganglion have demonstrated that even small neural circuits can be highly degenerate; similar functional network performance can be achieved with many different network parameters (Grashow et al. 2010; Gutierrez et al. 2013; Marder and Taylor 2011; Prinz et al. 2004; Rodriguez et al. 2013; Saideman et al. 2007 ). However, the mechanisms by which different network activity patterns generate similar behaviors in vivo are poorly understood.
Here, we investigate degeneracy in the pharyngeal nervous system of the nematode Caenorhabditis elegans. The worm feeds on bacteria via rhythmic contractions and relaxations of the pharynx, which trap the bacteria, crush it, and transport it to the intestine (Doncaster 1962; Fig. 1, A and B) . The pharynx has two stereotyped behaviors: 1) pumping, which is a rhythmic contraction and relaxation of the corpus, anterior isthmus, and terminal bulb; and 2) isthmus peristalsis, which normally occurs after one out of every three to four pumps and transports food particles from the anterior isthmus to the terminal bulb and intestine.
The pharynx is innervated by a well-mapped pharyngeal nervous system containing 20 identified neurons of 14 types and Ͻ60 unique chemical and electric synapses (Albertson and Thomson 1976) . The pharyngeal nervous system is synaptically connected to the 282-neuron somatic nervous system by a single pair of gap junctions (Albertson and Thomson 1976) .
Pharyngeal pumping requires the neurotransmitter ACh (Alfonso et al. 1993; Avery and Horvitz 1990) , which is synthesized by 5 pharyngeal neuron types (Fig. 1, A and C) . By using laser ablation to kill individual neuron classes, Avery and colleagues identified the paired cholinergic MC cells as the only neurons required for rapid feeding (Avery and Horvitz 1989; Raizen et al. 1995) . However, ablation of other cholinergic pharyngeal neurons, such as the M2s and M4, only slightly decreases feeding rate (Avery and Horvitz 1989; Raizen et al. 1995) , demonstrating that the network that regulates feeding rate is robust. In fact, feeding continues even after ablation of all pharyngeal neurons, albeit in a slow and uncoordinated manner (Avery and Horvitz 1989) .
Work with other nematode species suggests that the pharyngeal nervous system is highly evolutionarily adaptable and more functionally complex than the C. elegans ablation results alone indicate. The structural connectivity of the pharyngeal nervous system of the nematode Pristionchus pacificus has recently been shown to be very similar to that of C. elegans (Bumbarger et al. 2013) . Although C. elegans and P. pacificus diverged ϳ300 million years ago (Dieterich et al. 2008; PiresdaSilva and Sommer 2004) and have different feeding strategies, there is near-perfect homology of pharyngeal neurons between these species (Bumbarger et al. 2013) . Strikingly, the morphologies of the neuronal processes are nearly identical, and a remarkable number of connections are conserved (Bumbarger et al. 2013) . As in C. elegans, M4 ablation in P. pacificus causes a mild decrease in feeding rate (Chiang et al. 2006) . M2 ablation in the nematode Panagrolaimus sp. PS1159 also causes a mild decrease in feeding rate (Chiang et al. 2006) . Pharyngeal neuron homology has also been observed in nematode species with very diverse pharyngeal functions (Ragsdale et al. 2010; Zhang and Baldwin 2000) . This evolutionary adaptability and robustness suggests that the nematode pharyngeal nervous system is highly degenerate, but this hypothesis has not been directly tested.
Testing for degeneracy and functional complexity requires identification of distinct neural elements or networks capable of producing identical outputs. In laser ablation experiments, neurons are killed in young larvae and behavior is observed in adult worms (Avery 1993a; Horvitz 1987, 1989; Raizen et al. 1995) . This approach causes irreversible elimination of neuron function, is potentially confounded by redundancy and compensatory changes during development, and may fail to uncover effects on adult feeding behavior due to early larval lethality (Avery and Horvitz 1987) . Optogenetic tools, which permit temporally precise manipulation of neural activity, can overcome limitations of laser ablation and directly identify roles of individual neurons in generating or regulating behavior (Zhang et al. 2007 ). Functional dissection of neural circuits using optogenetics requires either cell-specific opsin expression (Schmitt et al. 2012) or selective illumination of the neuron of interest after broad opsin expression (Guo et al. 2009 ; Kocabas et al. 2012; Leifer et al. 2011; Stirman et al. 2011 ).
To determine the roles of cholinergic pharyngeal neurons in pumping regulation and the pathways through which they act, we developed a technique for optogenetic manipulation of single neuron activity in vivo. Because pharyngeal behavior is completely internal to the animal, immobilizing the worms affords increased spatial resolution such that it is possible to manipulate individual pharyngeal neurons optogenetically and simultaneously record behavior. We confirm the endogenous excitatory role of the MCs and identify endogenous degenerate excitatory roles for the M2s, M4, and the I1s in a robust network that regulates feeding rate. We identify a state-dependent excitatory role for the I1s, and we illuminate degeneracy at the genetic level by identifying two molecular mechanisms that mediate the stimulatory role of the MCs.
MATERIALS AND METHODS
Worm strains. ZM3265 (lin-15(n765ts) X; zxIs6 ] V), ] X), and ZX830 (lite-1(ce314) X; zxEx620 ) were gifts from A. Gottschalk Liewald et al. 2008) . After verification of expression in cholinergic pharyngeal neurons, we crossed ZM3265 into :GFP] X), which has bright cytoplasmic green fluorescent protein (GFP) fluorescence in cholinergic neurons, to create YX11 (lin-15(n765ts) X; zxIs6 A laser beam with 473-nm wavelength is shaped by a digital micromirror device (DMD) and enters a microscope to stimulate selectively neurons of interest expressing either GFP-and yellow fluorescent protein (YFP)-tagged blue-light-sensitive channelrhodopsin-2 (ChR2) or YFP-tagged blue-light-powered proton pump (Mac) from Leptoshaeria maculans. Pharyngeal behavior is imaged using a red filter and DIC optics. F: velocity from machine vision algorithm during ChR2-mediated stimulation of the MCs. Each peak in the velocity represents a pump. G: mean pump rate from 9 intervals of MC excitation in each of 10 worms. In F and G, the blue bar denotes timing of laser illumination. DA1110 (eat-18(ad1110) I) (Raizen et al. 1995), and CB933 (unc-17(e245) IV) (Brenner 1974) to create YX46 (eat-2(ad1113) II; vsIs48 [unc-17: :GFP] X; zxIs6 ] V), YX47 (eat-18(ad1110) I; vsIs48[unc-17: :GFP] X; zxIs6 ]), and YX48 (unc-17(e245) IV; :GFP] X; zxIs6 ]), respectively. Since gar-3 and zxIs6 are both located on chromosome V, we had difficulty obtaining gar-3; zxIs6 crossprogeny and adopted a different approach for experiments involving gar-3. We crossed VC657 (gar-3(gk305) V) (Liu et al. 2007 ) with DA1110 and with ZX499 to form YX66 (eat-18(ad1110) I; gar-3(gk305) V) and YX68 (gar-3(gk305) V; zxIs5 ] X), respectively. We identified the presence of the gk305 deletion mutation by PCR followed by agarose gel electrophoresis (primer sequences were 5=-TGTTCTGAGTTTTT-GCATTAAA-3= and 5=-GGACATTTTCTGTATTTCTTTTTAC-3=). We crossed YX66 into YX68 to create YX69 (eat-18(ad1110) I; gar-3(gk305) V; zxIs5[unc-17::ChR2(H134R)::YFP; lin-15(ϩ) 
] X).
To rescue the gar-3 defect, we used an Eppendorf FemtoJet microinjection system on a Leica DMIRB inverted differential interference contrast (DIC) microscope to inject the fosmid WRM0627cH05 at 10 ng/l in combination with 5 ng/l pCFJ104(myo-3::mCherry). We performed all experiments involving inhibition with ZX830. All optogenetics experiments were performed on first-day adult hermaphrodites.
We grew all worms in the dark at 20°C on NGM (Brenner 1974 ) plates inoculated with 250 l of a suspension of OP50 bacteria in lysogeny broth (LB) medium. Where needed, we added 2 l of 100 mM all-trans-retinal (ATR) in ethanol to the bacterial suspension immediately before seeding. We stored ATR-seeded plates at 4°C for up to 1 wk before use.
Laser ablations. We performed MC and M2 laser ablations as previously described (Bargmann and Avery 1995; Fang-Yen et al. 2012) . Briefly, we immobilized L1 larvae in 15 mM sodium azide on 5% agarose pads within 4 h after hatching. With DIC optics on a Leica DM5500 B upright microscope equipped with a ϫ100 Plan Apo oil-immersion objective lens with 1.4 numerical aperture (NA), we identified and ablated neurons with 60 -80 pulses from a Photonics Instruments MicroPoint laser. All ablations were confirmed via observation of DIC and/or fluorescence 2-3 days after the operation. All animals with collateral damage were discarded. Controls for laser ablation experiments were subject to the same immobilization protocols as operated animals, but the laser was not fired. We performed I1 ablations using equipment and methods as previously described (Avery and Horvitz 1987; Raizen et al. 1995) .
Optogenetic stimulation of individual neurons. We mounted worms on 10% agarose pads containing 10 mM 5-HT and immobilized them using 1.5 l of a 2.5% (vol/vol) suspension of 50-nm diameter polystyrene beads (Kim et al. 2013) . We included 5 mM atropine in the agarose pad where indicated; we reduced the 5-HT concentration to 5 mM for these atropine experiments to compensate for the increased ionic concentration. This atropine concentration is half of that previously used to study the roles of muscarinic receptors in C. elegans feeding behavior (You et al. 2006 ). The C. elegans cuticle and intestinal lining generally limit drug uptake, and it is not unusual for polar drugs to be applied at concentrations 1,000-fold higher than their predicted target affinities (Holden-Dye and Walker 2007).
For each worm, we first illuminated the entire head with blue light for Ͻ1 s to image the fluorescent cholinergic neurons. Next, we subjected each relevant neuron type to a stimulus protocol consisting of 10 cycles of 5-s illumination and 5-s darkness. The stimulus area was determined by outlining a region slightly larger than the neural cell body, about 2-3 m in diameter, to allow constant stimulation as the neural cell bodies move during the pump. unc-17 Mutants did not immobilize well, likely due to their coiling behavior, so for these worms we used a larger spot of illumination, often covering the entire metacorpus. We performed experiments within 90 min of worm immobilization and performed each experiment on 7-10 animals unless otherwise indicated. This sample size was selected based on pilot data. For additional description of the approach, see RESULTS. Microscopy and imaging. We used a setup similar to that described previously (Leifer et al. 2011; Fig. 1E) . We performed optogenetic experiments on a Leica DMI3000 B microscope with a Leica Plan Apo ϫ63 oil-immersion objective lens with 1.4 NA. To stimulate individual neurons optogenetically, we expanded a 473-nm laser beam (Shanghai Laser & Optics Century) using a telescope composed of two plano-convex lenses and projected it onto a 1,024-by-768-pixel digital micromirror device (DMD; DLP Discovery 4100; Texas Instruments/Digital Light Innovations). We aligned the DMD such that when the DMD was in the on state, the reflected beam was aligned with the optical axis of the microscope objective after entering the microscope through a right-side auxiliary port. The light from the DMD was projected onto the back of the objective using an optical system composed of three lenses and a dichroic mirror. We mounted the dichroic mirror, which reflects 473-nm light while allowing transmission of wavelengths Ͼ500 nm, on a custom filter cube in the microscope filter turret. The irradiance of the laser at the objective was ϳ37 mW/mm 2 , well above the saturation irradiance of channelrhodopsin-2 (ChR2; Grossman et al. 2011) . To image behavior, we placed a red filter in the transillumination light path. We used an image splitter (Photometrics DV2) to record fluorescence and brightfield images simultaneously. We acquired images at a rate of 32.7 frames per second on a cooled CCD camera (Andor iXon 885). We analyzed the images using custom MATLAB scripts as well as the freely available package PIVlab, a time-resolved digital particle image velocimetry (PIV) tool for MATLAB.
Software and analysis. We used Andor Solis software to acquire images. We controlled the DMD using the Discovery 4100 software; DMD scripts were created in MATLAB using custom scripts. After data acquisition, we used MATLAB to identify times when the stimulation was switched between off and on states and to determine pumping rate and other parameters. MATLAB scripts are available on request. Student's t-test was used for all statistical comparisons unless otherwise noted, and each bar represents means Ϯ SE. Sample sizes are given in the figure captions.
Measurement of ChR2 expression. ChR2 expression was approximated by calculating the average fluorescence pixel value of a region surrounding the cell body of each pharyngeal neuron that expressed zxIs6 
Measurements of pharyngeal pumping on an agar surface in the absence of food. We transferred well-fed I1-ablated adult animals, which had been grown on NGMSR plates (Avery 1993b ) seeded with HB101 bacteria (rather than OP50, to minimize any effects of potential chronic starvation on behavior), to the unseeded agar surface of 5.5-cm diameter NGMSR plates. After 5 min of locomotion on the unseeded agar, we counted pumps for 1 min.
RESULTS
Optogenetic manipulation of specific pharyngeal neurons in intact, behaving animals. We used a DMD and laser with 473-nm wavelength to illuminate individual neurons (Guo et al. 2009; Leifer et al. 2011) in worms expressing specific opsins in all cholinergic neurons. To excite neurons, we used a yellow fluorescent protein (YFP)-tagged blue-light-sensitive ChR2 (Nagel et al. 2003 (Nagel et al. , 2005 . To inhibit neurons, we used a YFP-tagged blue-light-powered proton pump (Mac) from Leptosphaeria maculans (Chow et al. 2010; Husson et al. 2012; Waschuk et al. 2005) . In some experiments, we coexpressed cytoplasmic GFP along with YFP-ChR2 to visualize the neurons more easily. We physically immobilized the animals against agarose pads using polystyrene nanoparticles (Kim et al. 2013) . This immobilization causes a cessation of pumping, so we added 10 mM 5-HT to the agarose pads to induce a submaximal basal pumping rate; a nonzero but submaximal pumping rate allowed us to measure inhibitory as well as excitatory effects. To locate each cholinergic pharyngeal neuron, we first acquired a full-field fluorescence image of the worm's head (Fig. 1C) . We then specified a region for illumination based on the fluorescence image and used the DMD to illuminate the specified region (Fig. 1D) . To image behavior and fluorescence simultaneously on the same camera while avoiding nonspecific opsin activation, we performed the experiments with a red glass filter in the transillumination light path (Fig. 1E) . We imaged the worms through a DualView2 image splitter with red fluorescent protein (RFP) and GFP filters: the RFP channel captured DIC images, and the GFP channel captured fluorescence, which allowed us both to ensure proper targeting of each neuron and to correlate behavior with neuron stimulation.
Machine vision quantification of pharyngeal behavior during optogenetic stimulation. We used a PIV algorithm in MATLAB to track the velocity of a region of the anterior terminal bulb to quantify pumping rate (Fig. 1B) . The velocity was found to be biphasic in shape (Fig. 1F) . Each positive spike in velocity represented movement of the grinder toward the posterior, and each negative spike represented its return to the resting position. For each experiment, we set a velocity threshold, the crossing of which signified a single pump. This threshold was set to approximately half of the maximum velocity. We wrote MATLAB scripts to calculate the average pump rate during stimulus intervals (Fig. 1, F and G), which were determined post hoc by automated detection of changes in fluorescence occurring when a GFP-and/or YFP-expressing neuron is illuminated. Our system for automated detection of pharyngeal pumps was in excellent agreement with results from a manual counting of pumps based on slow-motion review of videos, with 99.3% sensitivity and 99.5% specificity.
The MC motor neurons are excitatory for pharyngeal pumping. The paired MC neurons have cell bodies in the metacorpus, have putative sensory endings in the pharyngeal lumen near the posterior end of the procorpus, and form synapses with pharyngeal muscles in the posterior metacorpus and anterior isthmus (Fig. 1 , A and C; Albertson and Thomson 1976) . Because laser ablation of the MC neurons in young larvae causes an 83% decrease in pump rate in adult animals (Raizen et al. 1995) , we hypothesized that optogenetic stimulation of the MCs would increase pump rate. Indeed, we found that optogenetic excitation of the MC neurons stimulated pumping ( Fig. 2A ; Supplemental Video S1, available in the data supplement online at the Journal of Neurophysiology Web site). MC illumination did not excite pumping in the absence of the essential ChR2 cofactor ATR ( Fig. 2A) , indicating that the increased pump rate during MC illumination was due to activation of ChR2.
Processes of other cholinergic neurons pass close to the MC cell bodies (Fig. 1 , A and C; Albertson and Thomson 1976) , raising the possibility that the optogenetic illumination was stimulating pumping via nontargeted neurons. To test this possibility, we performed larval ablation of the MC neurons and tested whether stimulation of the region corresponding to the usual location of the MC cell bodies results in an increased pumping rate. We found no increase in pump rate ( Fig. 2A) , indicating that off-target effects of this optogenetic stimulation are negligible.
Serial section electron microscopic analysis of the pharyngeal nervous system has shown that the MC neurons make no chemical synapses onto other neurons and possess gap junction connections only with the paired M2 neurons (Albertson and Thomson 1976) . To determine whether the behavioral effect of Fig. 2 . Cholinergic motor neurons MC, M2, and M4, but not M1, are excitatory for pumping. A: MC stimulation excites pumping in an all-trans-retinal (ATR)-dependent manner. This effect is abolished when the MCs are ablated but not when the M2s are ablated. n ϭ 10, 7, 10, 9 Animals for each pair of bars, respectively. B: M2 stimulation excites pumping in an ATR-dependent manner. This effect is abolished when the M2s are ablated but not when the MCs are ablated. n ϭ 10, 7, 10, 9 Animals for each pair of bars, respectively. C: M4 stimulation excites pumping in an ATR-dependent manner. This effect persists when the MCs and the M2s are ablated. n ϭ 10, 7, 7 Animals for each pair of bars, respectively. D: M1 stimulation does not excite pumping. n ϭ 9, 7 Animals for each pair of bars, respectively. 5-HT (10 mM) was used for each experiment. Each bar represents mean Ϯ SE. Statistical significance was calculated using the 2-tailed Student's t-test. *P Ͻ 0.05; **P Ͻ 0.01. optogenetic stimulation of MC occurs wholly via effects on M2, we performed optogenetic excitation of the MCs in animals in which the M2 neurons were laser-ablated. Stimulation of the MCs still excited pumping after the ablation of the M2 neurons ( Fig. 2A) , demonstrating that the MCs can directly stimulate pumping.
The M2 motor neurons are excitatory for pharyngeal pumping. Anatomic data suggest that the paired M2 neurons make chemical synapses only onto pharyngeal muscles in the isthmus and metacorpus (Fig. 1, A and C ; Albertson and Thomson 1976) . However, ablation of the M2 neurons in young larvae results in only a 16% decrease in pump rate in adults (Raizen et al. 1995) , suggesting a minor role for the M2s in pumping regulation. To our surprise, we found that optogenetic stimulation of the M2s increased pump rate to a similar level as that observed during MC stimulation ( Fig. 2B ; Supplemental Video S2). As with the MCs, this effect was ATRdependent ( Fig. 2B ) and did not occur when the same region was stimulated after M2 ablation (Fig. 2B) , demonstrating that specific activation of the M2s excites pumping. Furthermore, M2 excitation stimulated pumping in the absence of the MC neurons (Fig. 2B) , demonstrating that the M2s, like the MCs, can stimulate pumping directly.
The M4 motor neuron is excitatory for pharyngeal pumping and isthmus peristalsis. The M4 neuron synapses only on the pharyngeal muscles in the isthmus and terminal bulb (Fig. 1 , A and C; Albertson and Thomson 1976) and is the only neuron required for isthmus peristalsis Horvitz 1987, 1989) . Laser ablation experiments have shown a 28% reduction in pump rate in adult animals after M4 ablation in young larvae (Raizen et al. 1995) . However, interpretation of this experiment is confounded by the peristalsis defect seen after M4 ablation: defective peristalsis causes both starvation, which itself causes a reduction in pump rate (Avery and Horvitz 1990) , and distention of the corpus by bacteria, which may affect pharyngeal behavior via abnormal activation of mechanosensory endings (Avery and Horvitz 1987; Raizen et al. 1995) . Our optogenetic approach allowed us to test directly whether M4 could stimulate pumping rate in well-fed animals with normal peristalsis. We found that optogenetic excitation of the M4 neuron caused an increase in pumping to a similar level as that observed during MC or M2 stimulation ( Fig. 2C ; Supplemental Video S3). No cholinergic pharyngeal neurons send processes behind the M4 cell body, so the effect of M4 stimulation is due to specific activation of M4. Consistent with its proposed role in regulating isthmus peristalsis, optogenetic excitation of M4 caused a greater proportion of pumps to be followed by peristalsis than during MC stimulation. During five 10-s intervals of M4 stimulation in two worms, 97% of pumps (n ϭ 179 pumps) were followed by isthmus peristalsis, whereas during stimulation of MC in the same worms only 41% (n ϭ 204 pumps) were followed by peristalsis (P Ͻ 0.0002, Mann-Whitney U test). M4 excitation caused an increase in pump rate in the absence of both the MCs and the M2s (Fig. 2C) , demonstrating that M4 can directly stimulate pumping.
Stimulation of the M1 motor neuron does not excite pumping. The M1 neuron sends a process from the terminal bulb to the anterior end of the corpus, where it forms synapses on the anterior pharyngeal muscles (Fig. 1, A and C ; Albertson and Thomson 1976) . M1 ablation causes only an 8% reduction in pump rate (Raizen et al. 1995) . In contrast to the other cholinergic pharyngeal neurons, we did not find M1 optogenetic stimulation to affect pump rate (Fig. 2D ). This is unlikely to be explained by a lower level of expression of ChR2 in M1 since the average fluorescence intensity of ChR2::YFP in M1 was similar to that measured in MC, M2, and M4 (MC: 93.8 Ϯ 7.1; M2: 101.2 Ϯ 11.0; M4: 91.2 Ϯ 10.7; M1: 71.6 Ϯ 16.7; means Ϯ SE, arbitrary units, n ϭ 6; P Ͼ 0.79 1-way ANOVA with Dunn's multiple-comparison test). These results suggest that M1 stimulation does not excite pharyngeal pumping.
The I1 interneurons have a state-dependent excitatory role in pumping regulation and can modulate pumping through the MCs and M2s
. The paired I1 neurons form the only synaptic connections between the somatic and pharyngeal nervous systems and are the only cholinergic pharyngeal neurons that do not synapse onto pharyngeal muscle (Albertson and Thomson 1976) . Ablation of the I1 neurons has no effect on the pump rate in the presence of food (Raizen et al. 1995) . However, we found that the I1s are required for pumping in the absence of food (Fig. 3A) . Electron microscopy data indicated that the I1s are presynaptic to six classes of neurons, including the MCs and the M2s but not M4 (Albertson and Thomson 1976) . Optogenetic stimulation of the I1 neurons increases pumping rate in an ATR-dependent manner to a level similar to that seen with MC or M2 stimulation ( Fig. 3B ; Supplemental Video S4). No cholinergic pharyngeal neurons send processes behind the I1 cell body, so the effect of I1 stimulation is due to specific activation of I1. I1 stimulation excited pumping following the ablation of either the MCs or the M2s but not following Fig. 3 . The I1 interneurons are required for basal pumping and stimulate pumping via the MCs and the M2s. A: I1 ablation reduces pumping rate in the absence of food. n ϭ 8, 3, 46, 7 Animals for each bar, respectively. See MATERIALS AND METHODS for details. B: I1 stimulates pumping in an ATRdependent manner and in the absence of either the MCs or the M2s but not both. n ϭ 10, 7, 10, 9, 7 Animals for each pair of bars, respectively. 5-HT (10 mM) was used for each experiment in B. Each bar represents mean Ϯ SE. Statistical significance was calculated using the 2-tailed paired Student's t-test. **P Ͻ 0.01. ablation of both neuron types (Fig. 3B) , demonstrating that the I1s can stimulate pumping through the MCs, through the M2s, or through both the MCs and the M2s.
The MC, M2, and M4 motor neurons stimulate pumping endogenously. Our optogenetic experiments with ChR2 showed that the MC, M2, M4, and I1 neurons are capable of stimulating pumping. However, it does not necessarily follow that these neurons endogenously regulate pumping rate. To determine whether these neurons stimulate pumping endogenously, we expressed the proton pump Mac in the cholinergic neurons ) and individually inhibited these neurons using methods otherwise identical to those used with ChR2. We found that optogenetic inhibition of the MCs, the M2s, or M4 reduced pump rate, indicating that an endogenous function of these neurons is to stimulate pumping (Fig. 4A) . By contrast, optogenetic inhibition of M1 had no effect on pump rate, suggesting that M1 is not required for pump rate regulation. Simultaneous inhibition of the MCs and the M2s caused a greater inhibition of pumping than inhibition of either alone, consistent with an endogenous role for the M2s in pumping rate regulation (Fig. 4A) .
The I1 interneurons regulate pumping endogenously via the MCs and the M2s. As with MC, M2, and M4, we found that I1 inhibition caused a decrease in pumping (Fig. 4B) . To test whether the I1s endogenously act through the MCs and the M2s to regulate pump rate, as our ChR2 experiments suggested, we simultaneously inhibited the I1s and the MCs, the M2s, or both the MCs and the M2s. Inhibition of the I1s simultaneously with inhibition of the MCs caused a stronger reduction in pump rate than inhibition of the MCs alone, suggesting that the I1s can function independently of the MCs. Similarly, inhibition of the I1s simultaneously with inhibition of the M2s caused a stronger pump rate reduction than inhibition of the M2s alone, suggesting that the I1s can function independently of the M2s. However, inhibition of the I1s simultaneously with inhibition of both the MCs and the M2s did not cause slower pumping than that seen with inhibition of the MCs and the M2s alone (Fig. 4B) , indicating that effect of I1 inhibition on pumping rate requires the MCs and the M2s.
Together with our ChR2 stimulation data, these results indicate that the I1s endogenously excite pumping via both the MCs and the M2s.
The MC neurons can stimulate pumping through a nonnicotinic mechanism. Mutations in the gene eat-2, which encodes a nicotinic ACh receptor subunit expressed in pharyngeal muscle postsynaptic to the MCs (McKay et al. 2004) , causes a reduced pump rate that mimics the phenotype observed after MC ablation (Avery 1993b; Raizen et al. 1995) . This observation suggested that the mechanism by which the MC neurons stimulate feeding is via activation of a nicotinic ACh receptor containing EAT-2. Therefore, we expected that stimulation of the MCs in eat-2 mutants would not increase pump rate. To our surprise, we found that stimulation of the MC neurons in eat-2 mutants causes an increase in pumping, albeit less than in wild-type worms (Fig. 5 vs. Fig. 2A) . Stimulation of the same region following MC ablation in wild-type worms did not cause an increase in pumping ( Fig. 2A) , demonstrating that this effect is not due to off-target excitation of nearby processes. These results demonstrate that the MCs can stimulate pumping through an EAT-2-independent mechanism.
To test the possibility that the MCs can stimulate pumping via an alternative nicotinic ACh receptor in the absence of EAT-2, we studied animals lacking EAT-18, a single transmembrane protein required for the pharyngeal response to bath-applied nicotine (McKay et al. 2004; Raizen et al. 1995) . In eat-18 mutants, the staining of the pharynx with ␣-bungarotoxin, which binds to nicotinic ACh receptors, is also eliminated (McKay et al. 2004) . As in the absence of EAT-2, optogenetic stimulation of the MCs resulted in a pumping increase in the absence of EAT-18 (Fig. 5) , suggesting that the MCs can excite pumping via a nonnicotinic mechanism.
The MC neurons directly stimulate pumping via a nonnicotinic cholinergic mechanism. To explore further the nature of the EAT-2-and EAT-18-independent MC-induced pumping, we examined mutants for the gene unc-17, which encodes a transporter required for loading ACh into vesicles before release (Alfonso et al. 1993 ). Since unc-17 null mutations are lethal, we used the hypomorphic allele e245, which had a Fig. 4 . Optogenetic inhibition of pharyngeal cholinergic neurons inhibits 5-HT-stimulated pumping. A: optogenetic inhibition of the MCs, the M2s, and M4, but not M1, inhibits 5-HT-stimulated pumping. Simultaneous inhibition of the MCs and the M2s causes an inhibition of pumping greater than that observed during inhibition of either the MCs or the M2s alone, consistent with an endogenous role for the M2s in pumping regulation. "None" indicates that no neurons were inhibited. n ϭ 15 For control, 14 for the MCs, 13 for the M2s, 9 for M4, and 4 for M1. B: inhibition of the I1s inhibits 5-HT-stimulated pumping. Simultaneous I1 inhibition increased the effects of individual MC inhibition or M2 inhibition, but not of combined MC and M2 inhibition, indicating that I1 stimulates pumping endogenously via the MCs and the M2s. n ϭ 9 For each bar. 5-HT (10 mM) was used for each experiment. Each bar represents mean Ϯ SE. Statistical significance was calculated using the 2-tailed Student's t-test. *P Ͻ 0.05; **P Ͻ 0.01. variable basal pumping rate during immobilization. Stimulation of the pharyngeal metacorpus, which includes the MC cell bodies and processes, did not increase pumping rate in unc-17 mutants (Fig. 5) , demonstrating that MC stimulation of pumping requires cholinergic neurotransmission.
The MCs may stimulate pumping via a cholinergic nonnicotinic mechanism by acting directly on pharyngeal muscle, or they may act via their electrical connections to the M2s. To distinguish between these possibilities, we tested the effect of MC stimulation in eat-18 mutants in which we ablated the M2 neurons. MC stimulation still increased pumping in eat-18 mutants in the absence of the M2s (Fig. 5) , demonstrating that the MCs can activate pumping directly via a cholinergic nonnicotinic mechanism.
The MC neurons stimulate pumping in part via the muscarinic receptor GAR-3. Ionotropic cholinergic receptors insensitive to nicotine have been identified in C. elegans (Francis et al. 2005; Richmond and Jorgensen 1999; Touroutine et al. 2005) , suggesting the possibility that MC stimulates pumping in an eat-18 genetic background through such a channel. Alternatively, the MCs may be acting through a muscarinic receptor. To distinguish between these possibilities, we used the muscarinic antagonist atropine (You et al. 2006 ). In the presence of atropine, MC stimulation failed to excite pumping in eat-18 mutants (Fig. 5) , demonstrating that in the absence of eat-18, the MCs stimulate pumping via an atropine-sensitive receptor and hence likely a muscarinic ACh receptor.
The C. elegans genome contains three genes that encode for muscarinic receptors: gar-1 , gar-2 (Lee et al. 2000) , and gar-3 . Of these, only gar-3 has been reported to be expressed in pharyngeal muscle (Steger and Avery 2004) . Loss of GAR-3 has been shown to cause decreased action potential duration in pharyngeal muscle, and excessive GAR-3 signaling can cause muscle contraction to outlast muscle depolarization (Steger and Avery 2004) , consistent with an excitatory role for GAR-3 in response to MC stimulation. We therefore tested whether the MCs excite pumping via GAR-3 in an eat-18 mutant background. MC stimulation did not excite pumping in eat-18; gar-3 double mutants (Fig. 5) , demonstrating that the MCs activate pumping in part through the muscarinic ACh receptor GAR-3. A transgene containing the gar-3 gene restored the ability of MC stimulation to excite pumping in eat-18; gar-3 double mutants (Fig. 5) , confirming that the gar-3 mutation caused the defect in the ability of the MCs to excite pumping in the absence of EAT-18.
DISCUSSION
By optogenetically manipulating individual C. elegans neurons while recording feeding behavior, we have shown that the cholinergic MC, M2, and M4 motor neurons stimulate pharyngeal pumping in a degenerate manner (Fig. 6) . The cholinergic I1 interneurons stimulate pumping via the MCs and the M2s and act in a state-dependent manner to stimulate pumping in the absence of food. By analysis of mutants, we identified nicotinic and muscarinic pathways through which the MCs regulate pumping rate. Taken together, these results demonstrate that this robust and evolutionarily adaptable network is highly degenerate at both the neural and genetic levels and that the same behavior can be stimulated by multiple neurons and through different types of receptors.
An optogenetic approach reveals novel functions for multiple neurons. Although optogenetic tools have played an important role in clarifying the functional dynamics of identified neural networks, to our knowledge they have not been previously used to identify new functional roles of circuit elements in C. elegans (Husson et al. 2013) . In contrast to laser ablation, single neuron optogenetic manipulation allows us to test the roles of individual neurons in regulating behavior while avoiding the possibilities of developmental compensation and ablation-induced developmental abnormalities, phenomena that would be expected to occur in degenerate networks (Marder and Taylor 2011) . For example, M4 ablation results in early larval lethality (Avery and Horvitz 1987) , which prevents accurate assessment of its effects on feeding rates in adult animals. In eat-2 mutants, the resting membrane potential of the terminal bulb is depolarized and unstable relative to wildtype worms (Steger et al. 2005) . It is possible that similar Fig. 5 . The MCs can directly excite pumping via both nicotinic and muscarinic receptors. Optogenetic MC stimulation increases pumping in both eat-2 and eat-18 nicotinic receptor mutants but not in unc-17 (vesicular ACh transporter) mutants, demonstrating that MC can act via a nonnicotinic cholinergic pathway in addition to the known EAT-2/EAT-18 nicotinic pathway. Serial section electron microscopy suggests that the MCs and M2s form gap junctions; MC stimulation directly increases pumping in the absence of the M2s in eat-18 mutants. MC stimulation does not increase pumping in eat-18 mutants in the presence of the muscarinic antagonist atropine. GAR-3 is a muscarinic receptor expressed in pharyngeal muscle; MC stimulation does not increase pumping in eat-18; gar-3 double mutants. Injection of a transgene containing the gar-3 genomic region restores the ability of MC stimulation to excite pumping in eat-18; gar-3 mutants. n ϭ 10, 10, 8, 9, 9, 10, 10 Animals for each pair of bars, respectively. 5-HT (10 mM) was used for each experiment except those with atropine, where we used 5 mM 5-HT and 5 mM atropine. Each bar represents mean Ϯ SE. Statistical significance was calculated using the 2-tailed Student's t-test. *P Ͻ 0.05; **P Ͻ 0.01. compensation occurs after ablation of pharyngeal neurons, either in the muscle or other neurons.
The candidate neuron and gene approach we demonstrate here is especially well-suited for identifying components of degenerate networks, in which ablation of individual classes of neurons may not cause obvious phenotypes. For example, although laser ablation of the M2s yields only a small reduction in pumping rate (Raizen et al. 1995) , we found that M2 excitation stimulates rapid pumping. It is possible that other excitatory cholinergic neurons, such as the MCs and M4, replace this function of the M2s after their ablation. Likewise, whereas gar-3 mutants have only subtle feeding defects (Steger and Avery 2004) , we found that the MCs can act via GAR-3 to stimulate pumping in the absence of EAT-18. Indeed, one characteristic of degenerate neural networks is that specific faults in the system, such as focused neurological lesions, often do not cause changes in outputs (Gazzaniga 1995) .
Our approach is also well-suited for identifying the molecular mechanisms through which individual neurons can stimulate pumping. We have identified two distinct cholinergic receptors postsynaptic to the MCs, and we expect that receptors downstream of other neurons could be identified by a similar approach of testing whether optogenetic stimulation of individual neurons can still stimulate pumping in mutants for candidate genes. For example, testing the effects of mutations in different nicotinic ACh receptor subunits expressed in pharyngeal muscle on the excitatory effects of stimulating the M2s or M4 should lead to the identification of the receptors postsynaptic to these neurons.
Another advantage of our approach is its ability to assess individually the function of multiple classes of neurons in the same animal. Studies in the crustacean stomatogastric ganglion have observed significant animal-to-animal variability in the tuning of neuron conductance parameters despite similar network output (Marder 2011; Prinz et al. 2004) . Therefore, sequentially and nondestructively manipulating the activity of individual or multiple neurons in a single animal can provide a more complete picture of network function than one based on more sparse measurements in multiple animals.
Degeneracy at two levels allows robust responses to unpredictable environmental and physiological signals. Our work has revealed that a circuit that tightly regulates response to various intrinsic and extrinsic cues has degeneracy at both the neural and genetic levels. Feeding rate in C. elegans is influenced by a multitude of factors, including mechanosensation (Chalfie et al. 1985) , chemosensation (Li et al. 2012) , heat stress (Jones and Candido 1999) , aging (Huang et al. 2004) , mating (Gruninger et al. 2006) , starvation (Avery and Horvitz 1990) , food quality (Soukas et al. 2009 ), feeding history (Song et al. 2013) , satiety , molting (Cassada and Russell 1975) , sleep , and infection (Los et al. 2013 ). Degeneracy at multiple levels allows the pharyngeal nervous system to integrate these inputs to determine feeding rate (Cunningham et al. 2012; Greer et al. 2008; Li et al. 2012) . The neural degeneracy of the system allows multiple neurons to perform similar functions in response to different modulators, whereas the genetic degeneracy allows neurotransmitters and neuropeptides to activate subsets of neurons or muscles differentially or to activate different cell signaling cascades within the same neuron or muscle. Having improved our definition of the circuit that regulates feeding rate, we are now in a better position to understand the circuit mechanisms by which intrinsic and extrinsic cues affect behavior.
Depolarization and 5-HT stimulation of the same pharyngeal neuron can cause similar or distinct behaviors. 5-HT is a potent modulator of many C. elegans behaviors, including feeding (Chase and Koelle 2007) . We found that basal pumping is almost completely abolished in immobilized worms in the absence of 5-HT, but MC, M2, M4, or I1 stimulation caused a small but variable increase in pump rate (data not shown). This is likely because when the worm is immobilized, the stimulus-response curve of the neurons is not linear, so that even a large stimulus causes only a small neural response.
The 5-HT G protein-coupled receptor SER-7 is expressed in many pharyngeal neurons, including the MCs, the M2s, and M4 ( Fig. 6 ; Hobson et al. 2005) . 5-HT stimulates pumping primarily by activating SER-7 in the MCs (Song and Avery 2012) . We suspect that the basal pumping rate we observe in the presence of 5-HT is also due to activation of SER-7 in the MCs, since MC ablation dramatically decreases the pump rate on 5-HT in our experiments ( Fig. 2A) . Interestingly, whereas activation of SER-7 in M4 causes increased peristalsis but not pumping (Song and Avery 2012) , we found that optogenetic stimulation of M4 causes an increase in both pumping and peristalsis rates. It is likely that depolarization and SER-7 activation stimulate intracellular pathways that are at least partially distinct, which in turn evokes neurotransmitter release that may differ in location, amount, or molecular identity.
Functional conservation and evolutionary adaptability of the pharyngeal nervous system. It has been postulated that the processes of evolution and natural selection necessarily are accompanied by degeneracy (Edelman and Gally 2001) , but this is a challenging idea to test experimentally. The prevalence of evolutionarily divergent nematode species and the relative ease with which their pharyngeal nervous systems can be anatomically mapped makes them interesting models for studying the role of degeneracy in evolution. However, despite the apparent simplicity of the anatomic connectivity of the pharynx, inferring the function of the pharyngeal nervous system from the wiring diagram alone is difficult. The sign of physiological connections is often unknown, and the number of synapses between two cells does not always correlate with the importance of this connection (Bargmann and Marder 2013; Chalfie et al. 1985) . For example, although the M2s form 60 synapses on pharyngeal muscle and the MCs form just 4 (Albertson and Thomson 1976; Avery and Thomas 1997; Avery and You 2012; McKay et al. 2004) , we find that effects of stimulation of these 2 neuron types on pumping rate are equivalent (Fig. 2, A and B) . Thus, without knowledge of the functional connectivity, it is difficult to interpret the differences between the wiring of C. elegans and other species, such as P. pacificus, in an evolutionary context (Bumbarger et al. 2013) . Laser ablation data from other nematode species may be informative. Ablation of M4 causes a reduction in isthmus peristalsis in every species in which it has been tested, including P. pacificus, demonstrating a conserved function (Chiang et al. 2006) . The M2s synapse on the anterior pharyngeal muscle in C. elegans and P. pacificus, and ablation of the M2s in Panagrolaimus sp. PS1159 causes a decrease in anterior isthmus peristalsis, a behavior observed in neither C. elegans nor P. pacificus (Chiang et al. 2006) . Ablation of either the MCs or M4 in P. pacificus and either the M2s or M4 in Panagrolaimus sp. PS1159 causes a decrease in pumping rate (Chiang et al. 2006) , demonstrating that the networks regulating feeding are also degenerate in these species. Although further experiments are necessary to draw firm conclusions, these data are consistent with evolutionary adaptability, functional conservation, and degeneracy of pharyngeal nervous system function in different species.
A circuit-level framework for feeding modulation. By identifying the pathways of cholinergic input that regulate pharyngeal pumping rate (Fig. 6) , this work defines a framework within which we can investigate how feeding is integrated with other physiological processes and behaviors in response to changing environmental and internal states. The method described here can be used to develop further this circuit-level framework by identifying roles for the remaining nine classes of pharyngeal neurons as well as the molecular mechanisms through which they interact. This method also can be combined with genetically encoded calcium indicators to visualize intracellular calcium dynamics during optogenetic manipulation (Husson et al. 2013) . The functional connectivity of the pharyngeal circuit forms a foundation for exploring how mutations affect the activity of a degenerate network and how the network adapts to regulate behavior robustly.
